The deep-UV positive acting chemically amplified resists referred to as CAMP6 and ARCH were evaluated for use in direct write and projection electron-beam lithography technologies. In the evaluation we compared the lithographic characteristics of each resist under electron-beam exposure using primarily a JEOL JBX-5D11 system operating at 50 KeV and a Scattering with Angular Limitation Projection Electron-Beam Lithography (SCALPEL) tool operating at 100 KeV. Both resists exhibited contrast values > 5 and resolution well below 0.20 µm. CAMP6 was however plagued with excessive film loss after the process post-exposure bake step and required a protective coating on the film to improve process latitude. A series of ARCH formulations were observed to eliminate any film loss caused by either heating during exposure or the high vacuum environment of the exposure tool. When exposed on the direct write tool, 0.09 µm wide features at a dose of 11 µC/cm2 were delineated. Sub-0.25 µm images were obtained using the projection system at a dose of 19 µC/cm2.
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I. INTRODUCTION
The drive towards increasing circuit pattern density and reduced tolerances of the critical dimension (CD) of the pattern, has resulted in the investigation of numerous advanced lithographic technologies. Direct write electron-beam lithography has been the technology of choice when attempting to minimize the CD of a device or test structure being fabricated. It is, however, not the appropriate technology for volume production of any integrated circuit. The use of an electron-beam as the exposure source in projection systems should provide high throughput coupled with the resolution capability of direct write tools. One such system is termed Scattering with Angular
1.
As electrons pass through a mask, which consists of a low atomic number material patterned with a high Z material, scattering occurs resulting in different angular distributions of electrons from the patterned and unpatterned regions. In the back-focal plane of the projecting lens system the electrons are distributed according to their angle of scatter. An aperture placed in this plane acts as an angularly limiting filter. The contrast obtained is governed by the size of the aperture. A small field of view tool which uses the SCALPEL approach has been built to investigate the capabilities and the limitations of this new projection electron beam technology [2] .
To meet the high throughput (30 -200 mm wafers/hr.) and resolution (< 0.10 µm) requirements dictated by potential users of the electron-beam technology, resists in which the radiation induced chemistry is based on chemical amplification are viewed as the most viable materials. Two families of CA resists have been investigated for use in electron-beam lithography and are referred to as CAMP6 and ARCH. Both have been extensively characterized in Deep UV (X = 248 nm) lithography [3] . The CAMP6 formulation required the use of a protective coating to provide any process stability [4] . Elimination of the coating and improvements in the overall lithographic performance over the CAMP6 resist was obtained with the development of the ARCH materials. The ARCH formulation is a multi-component dissolution inhibition type material which has exhibited superior resolution when exposed to direct write electron-beam and x-ray radiation [5] . This material provided a path to the identification of a resist capable of < 0.10 µm resolution. Details of the evolutionary development and processing performance of the CAMP6 and ARCH materials when exposed on both a 50 KeV direct write and a 100 KeV projection electron-beam exposure systems will be presented. It is important to note that this mask has 37.3% of clear area. It means that during exposure with the SCALPEL experimental tool 37.3% of the 450 X 450 µm area on the wafer is in fact exposed. This is a correction factor that is taken into consideration when comparing doses from conventional a-beam systems to the SCALPEL projection electron-beam tool.
Exposed resist films were either immediately removed from the exposure tool or allowed to sit To improve the post exposure delay time latitude of CAMP6 an overcoat/topcoat is required.
The top protective coating has provided stability when exposed to 248 nm radiation on the order of N10 min . Use of the topcoat for films exposed to electron-beam radiation has resulted in degradation of the line edge quality of the resist pattern. The difference in edge quality for samples exposed to 248
nm and electron-beam radiation are shown in Figure 5 . The increased edge roughness in the case of the electron-beam exposed sample is attributed to the partial crosslinking of the topcoat film when exposed to electrons.
The elimination of the use of a topcoat to improve time delay latitude as well as improving the resolution capability of CAMP6 beyond 0.20 µm has produced the newer generation chemically amplified ARCH resist formulation.
A typical electron-beam exposure response curve for ARCH resist exposed at 50 KeV containing a 6 % loading of the photoacid generator is displayed Figure 6 . The baking conditions for both the prebake and post-exposure bake steps were 115°C for 1 minute The resist contrast was calculated to be greater than 7. Under these conditions and for an initial film thickness of 0.50 µm, the measured sensitivity is 11 µC/cm2. The effect of PEB temperature on CD control was also investigated and latitude data for a 0.20 µm CD is given in Table 1 .
er e-beam exposure. Process
The well known trade-off of higher sensitivity and reduced process latitude is evident in the data given in Table 1 . The data also suggests that achieving the goal of a 10 µC/cm2 @ 100 KeV resist with acceptable process latitude has not been obtained. This is unlike what has been observed for ARCH when exposed to 248 nm radiation where no change in a 0.30 µm CD over an 8 °C temperature range at a dose of 30 mJ/cm2 was observed. The difference observed when the resist is exposed to electrons can be attributed to the non-optimized acid formation efficiency process compared to what occurs when the material is exposed to deep-UV radiation. the pattern in the resist was observed. Evidence of film evolution from the exposure step is an indication that the activation energy for the acid catalyzed deprotection reaction is low enough to cause partial removal of the film in the exposed areas. For ARCH which contains a carbonate protecting group no exposure induced film evolution was observed. This is contrary to what has been observed for an experimental resist which contained an acetal protecting group and an acid generator of nearly equivalent strength to that used in the ARCH formulation. Figure 9 is a plot of % film loss after exposure as a function of varying the component containing the acetal protecting group in the resist. The dose used to generate the plot was 10 µClcm2 @ 40 KeV.
It has been calculated that during exposure a modest temperature rise to 40 -50 °C can be realized. For those materials where the deprotection reaction occurs at temperatures below 40 °C, film loss in the exposure chamber will lead to unwanted contamination of critical working parts of the tool.
This example therefore represents a type of CA resist which is incompatible for use in electron-beam lithography. discussed by Watson elsewhere [6] .
When the ARCH formulation containing the 6 % acid generator loading was used, a 35% increase in sensitivity of the resist system was observed. 0.25 µm lines/spaces were resolved in bright and dark field at doses respectively of 19 and 22 µClcm2. Further enhancement in the sensitivity of ARCH as well as improving the performance of the experimental projection e-beam tool are in progress.
IV. CONCLUSIONS
The development and evaluation of the positive acting chemically amplified resists CAMP6
and ARCH have provided a path to the identifying a material which is acceptable for use in both direct write and projection electron-beam lithographies. Both materials exhibited high contrast and resolution. The observance of both properties are essential when attempting to insert an advanced lithography technology on to the National Lithography road map.
The compatibility of the resist formulation and the observed radiation induced chemistry during the standard operating conditions of an electron-beam exposure tool has reduced the number of CA resists which can be used in this technology. The high desire of using a commercially available For the two families of resists evaluated in this study, the higher level of film loss after the process post-exposure bake step and the need to use a top protective coating to enhance process latitude has made the CAMP6 resist less desirable. The unforeseen crosslinking reaction occurring in the overcoat film during electron-beam exposure again exemplifies that careful consideration must be taken before a material which is applicable for use in photo-lithography can be used in the higher energy exposure based tools.
It was shown that introduction of the multi-component resist ARCH vastly reduced the film loss (3 %) observed after the PEB step and significantly improved the process control of these materials. High contrast was evident and provided the ability to simultaneously print bright and dark field images at feature sizes below 100 nm. It is envisioned that the printability of features below 50 nm is possible if the aspect ratio of the resist is scaled appropriately and optimization of the process post-exposure bake step is performed. Under SCALPEL exposure, the sensitivity of ARCH containing 6 % photoacid generator varied from 19-22 µC/cm2 depending of the tone and type of SCALPEL mask features. The sensitivity of the resist system under SCALPEL exposure needs to be improved even in bright field areas to reach the target dose of 10 µC/cm2 @ 100 keV. The observed resist sensitivity and resolution should increase as mask design, exposure dose control and radiation induced acid formation process are improved.
